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The  Effect  of  Thermal-mechanical  History  on  the  ^T^in  Hardening 
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Introduction 

The  concept  that  the  flow  stress  for 
plastic  deformation  of  metals  in  the  work 
hardening  range  is  a  function  of  the  instan¬ 
taneous  values  of  the  strain,  strain  rate 
and  test  temperature  was  promulgated  by 
Ludwick^  many  years  ago.  This  thought 
has  been  more  or  less  a  guiding  principle 
throughout  the  immediate  period  of  de¬ 
velopment  and  growth  of  mechanical 
metallurgy.  It  has  been  tacitly  assumed  or 
knowingly  applied  to  many  investigations 
on  the  plastic  behavior  of  metals.  Spurred 
by  the  theoretical  interest  and  practical 
importance  of  the  plastic  behavior  of 
metals,  many  investigators  have  attempted 
to  determine  empirical,  semi-empirical, 
and  theoretical  equations^"^®  relating  the 
flow  stress  with  the  strain,  strain  rate,  and 
temperature.  Although  the  applications  of 
such  equations  have  been  extensive,  the 
experimental  verification  of  the  existence 
of  a  mechanical  equation  of  state  is  weak. 
Furthermore,  some  of  the  available  evi¬ 
dence  on  plastic  flow  appears  to  suggest 
that  no  simple  functional  relation  between 
stress,  strain-rate,  strain  and  temperature 
can  exist. 

The  mechanical  equation  of  state  de¬ 
mands  that 

ff  =  o-(e,  e,  T)  [i] 
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Where  a  =  true  stress  =  load7instanta-;|^-;,^'' 
neous  area  '' 

e  =  true  strain 

_  Instantaneous  gauge  length^ 
initial  gauge  length 
e  =  true  strain  rate 

X  =  temperature  j 

This  formulation  implies  that  dcr  is  an 
exact  differential.  Therefore  the  flow  stress 
(o')  is  a  function  of  the  instantaneousjyalue^^ 
of  the  strain  (e)  the  strain thl^J  ^ 
temperature  (T),  independ^gtVfMie  previ¬ 
ous  mechanical  or  thermal  history.  Having 
reached  a  certain  strain,  strain  rate,  and 
temperature,  by  any  path  whatsoever,  a  ' 
definite  and  fixed  value  of  the  flow  stress 
should  be  obtained. 

One  check  on  the  validity  of  the  me¬ 
chanical  equation  of  state  is  easily  ob¬ 
tained.  Consider  the  following  three  tests 
on  the  stress-strain  curve  at  constant 
temperature: 

A.  Strain  at  rate  ei 

B.  Strain  at  rate  e2 

C.  Strain  at  rate  ei  to  €\  and  continue 
test  at  €2. 

A  graphical  representation  of  possible  re¬ 
sults  of  such  tests  are  shown  in  Fig  i.  If, 
for  strains  greater  than  ei,  test  (C)  data 
coincide  exactly  with  the  data  from  test 
{B),  as  shown  in  Fig  la,  a  limited  verifica¬ 
tion  of  the  mechanical  equation  of  state  is 
obtained  for  the  range  of  strain  rates 
from  Cl  to  €2.  But  if  the  data  from  test  (C) 
differ  from  those  of  {B)  beyond  strain  ci 
where  the  strain  rate  is  changed  from  €i  to 
Co,  the  mechanical  equation  of  state  is  not 
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valid  and  the  plastic  properties  depend 
upon  the  past  history  of  strain  rates. 

Another  simple  check  on  the  possible 
validity  of  the  mechanical  equation  of 


tempered  alloy  steel  between  70  and  goo^F 
(for  small  strains  and  a  short  time  interval 
at  90o°F)  appears  to  confirm  the  existence 
of  the  mechanical  equation  of  state  over  the 


e  £ 

Fig  I— Hypothetical  results  indicating  verification  or  failure  of  the  mechanical 

EQUATION  of  STATE  WHEN  THE  STRAIN  RATE  IS  CHANGED  FOR  CONSTANT  TEST  TEMPERATURE. 

a.  Verification  of  a  mechanical  equation  of  state, 

b.  Failure  of  a  mechanical  equation  of  state. 
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state  can  be  obtained  from  stress-strain 
curves  at  two  temperatures  for  constant 
strain  rates  from  the  following  tests : 

A.  Strain  at  Ti 

B.  Strain  at  J'2 

C.  Strain  at  r2  to  ei  and  continue  the  test 
at  Ti. 

Possible  results  of  such  tests  are  shown  in 
Fig  2.  If  curve  C  agrees  with  A  beyond  ei, 
as  shown  in  Fig  2  a,  partial  verification  of 
the  mechanical  equation  of  state  is  obtained 
over  the  range  of  temperatures  from  Ti  to 
But  if  the  data  from  test  (3)  do  not 
coincide  exactly  with  those  from  test  (i) 
beyond  strain  ei  where  the  temperature  was 
changed  from  Ti  to  Ti,  as  shown  in  Fig 
2b,  the  mechanical  equation  of  state  is 
invalid  and  the  plastic  properties  are  de¬ 
pendent  upon  past  thermal-mechanical 
history. 

Hollomon®  performed  two  tests  of  the 
kind  outlined  in  Fig  2  and  concluded  that, 
‘^the  stress  required  for  plastic  flow  de¬ 
pends  only  on  the  instantaneous  values 
of  the  strain  rate,  temperature  and  strain, 
and  not  upon  the  past  history  of  these 
variables.”  His  test  on  a  quenched  and 


test  variables.  The  broad  application  of 
these  results  for  formulating  an  analysis  of 
creep,  however,  is  not  valid  and  will  be 
discussed  in  a  future  report. 

The  second  test  series  conducted  at 
—  105  and  -|-7o°F  on  an  SAE  steel,  which 
is  reproduced  in  Fig  3,  does' not,  however, 
appear  to  present  conclusive  evidence  in 
favor  of  the  mechanical  equation  of  state. 
The  sampling  was  poor  since  test  bar  (C) 
exhibited  higher  stresses  than  (v4)  over  the 
range  of  strains  to  about  0.38.  When,  how¬ 
ever,  test  (C)  was  continued  at  —  io5°F  the 
flow  stress  fell  below  that  for  (B)  suggest¬ 
ing  that,  with  careful  sampling,  the  data 
might  have  yielded  a  curve  analogous  to 
that  illustrated  in  Fig  2b.  It  is,  therefore, 
reasonable  to  suspect  that  these  data  are 
inconclusive  and  that  they  may  actually 
suggest  the  failure  of  the  mechanical 
equation  of  state  over  low  temperature 
ranges. 

Kauzmann®  and  also  Dushman  et  al' 
have  shown  that  when  Eyring’s  reaction 
rate  theory  is  applied  to  the  secondary  creep 
rate  of  metals,  the  theoretical  size  of  the 
unit  participating  in  plastic  flow,  increases 
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with  increasing  temperature.  Disregarding,  dislocations  or  Kauzmann’s  analysis  for 
for  the  present,  the  possible  inadequacy  of  creep  are  not  convincing  because  reasonable 
Kauzmann’s  theory,  the  reported  effect  of  doubt  persists  concerning  the  accuracy  of 
temperature  on  the  size  of  the  flow  unit  the  mechanisms  which  were  postulated  for 


Fig  2 — •Hypothetical  results  indicating  verification  or  failure  of  the  mechanical 

EQUATION  OF  STATE  WHEN  THE  TEMPERATURE  IS  CHANGED  FOR  CONSTANT  STRAIN  RATE. 
a.  Verification  of  a  mechanical  equation  of  state. 
h.  Failure  of  a  mechanical  equation  of  state. 

suggests  the  failure  of  the  mechanical  deformation,  strain  hardening,  and  plastic 

equation  of  state.  If  large  flow  units  are  flow  in  these  approaches.  But  when  other 

generated  at  elevated  temperatures,  such  data  are  compounded  on  these  deductions, 

units  persist  for  the  first  stages  of  straining  the  evidence  favoring  history  dependence  of 

at  lower  temperatures,  causing  the  flow  plastic  properties  begins  to  assume  sub¬ 
stress  at  the  lower  temperatures  to  be  less  stantial  proportions.  It  is  necessary  merely 

after  prestraining  at  elevated  temperatures  to  mention  here  th&  well  known  effects  of 

than  they  would  have  been  if  the  entire  decreasing  temperatures  and  increasing 

test  had  been  conducted  at  the  lower  tern-  strain  rates  on  the  distances  between  slip 

perature.  The  experimental  data  reported  bands  in  single  metal  crystals.  Straining  a 

later  verifies  this  prediction.  single  crystal  at  a  given  temperature  or 

Applying  the  dislocation  theory  to  alumi-  strain  rate  produces  greater  distances  be- 

num  single  crystals  at  subatmospheric  tween  the  slip  bands  than  would  be  ob- 

temperatures,  Taylor^®  concluded  that  the  tained  by  straining  the  same  amount  at 

opaque  surfaces,  postulated  to  account  for  lower  temperatures  or  higher  strain  rates, 

work  hardening,  were  closer  together  at  the  Undoubtedly  the  internal  structure  of  the 

lower  temperatures.  This  statement  is  metal  has  been  modified  in  a  manner  cor- 

somewhat  equivalent  to  that  given  by  relateable  with  the  observed  external  spac- 

Kauzmann  concerning  the  size  of  the  flow  ing  of  the  slip  bands.  Prestraining  at  one 

unit  for  creep.  Therefore,  the  pattern  of  temperature  or  strain  rate,  therefore, 

dislocations,  stopped  at  opaque  surfaces,  should  yield  a  different  stress-strain  rela- 

due  to  prestraining  at  atmospheric  tern-  tionship  when  the  conditions  are  changed 

perature,  would  be  on  a  larger  scale  than  if  than  would  have  been  obtained  if  the  entire 

the  test  had  been  made  at  lower  tempera-  straining  had  been  conducted  exclusively 

tures.  Consequently  a  temperature  history  under  the  second  set  of  conditions, 

dependence  of  the  plastic  properties  would  It  is  the  purpose  of  this  investigation  to 
be  expected.  ascertain  from  tension  tests  at  various 

Deductions  based  on  Taylor’s  theory  of  temperatures  and  changes  of  temperature 
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whether  a  mechanical  equation  of  state 
exists  or  whether  the  past  thermal- 
mechanical  history  affects  the  plastic  prop¬ 
erties  of  metals. 


gauge  yielded  strains  accurate  to  +0.001. 
All  tests  were  conducted  at  a  true  strain 
rate  of  approximately  0.001 1  per  sec. 

The  load  was  measured  by  means  of  a 


Fig  3 — Effect  of  pre-straining  at  70®?  on  the  true  stress-true  strain  curve  at  —  io5°F 

{Data  hy  Holloman). 

Materials  and  Testing  Techniques 

Commercially  pure  aluminum  (2S-O 
annealed  at  iooo°F  for  20  min.)  was  the 
principal  test  material.  In  order  to  deter¬ 
mine  whether  the  observed  effects  were 
peculiar  to  2S-O,  additional  tests  were 
conducted  on  high  purity  (99.98  pet)  alumi¬ 
num,  brass,  copper  and  stainless  steel. 

A  rack  and  pinion  strain  gauge  having  a 
2-in.  ga.  length  was  used  for  measuring 
extensions.  Calibration  showed  that  this 


proving  ring  containing  a  dial  gauge, 
sensitive  to  ±1^  lb.  Good  reproducibility 
was  obtained  on  duplicate  tensile  tests. 

The  test  specimen  design  is  illustrated 
in  Fig  4.  All  specimens  were  machined 
with  their  longitudinal  axes  in  the  rolling 
direction.  The  machined  edges  were  care¬ 
fully  polished  with  3/0  emery  paper.  The 
extra  long  in.  parallel  section  at  either 
end  of  the  2 -inch  ga.  length  was  introduced 
in  order  to  assure  uniform  tensile  straining 
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over  the  gauge  section.  The  width  and  Experimental  Results 

thickness  of  the  specimens  were  gauged  The  experimental  results  are  given  in 
with  a  o.oooi-in.  hand  micrometer.  Fig  6  to  17.  All  data  are  recorded  in  the 

The  tests  at  2g2°K  were  conducted  in  form  of  true  stress  (tr  =  load  per  unit 


Fig  4 — ^Tensile  specimen. 


the  atmosphere  but  the  260,  194  and  instantaneous  area)  vs.  true  strains  (c  = 

78°K  tests  were  carried  out  with  the  speci-  natural  logarithm  of  the  instantaneous 

men  mounted  in  a  special  dewar  container  length  divided  by  the  initial  gauge  length) . 

in  direct  contact  with  ice  brine,  CO2-  All  strains  are  recorded  as  plastic  strains 

acetone,  and  liquid  nitrogen  respectively.  which  were  obtained  by  subtracting  the 

Thermocouples  on  the  specimens  showed  elastic  strains  from  the  total  true  strains, 
that  the  specimen  temperatures  were  In  Fig  6  is  shown  a  typical  set  of  stress- 
within  ±1°  of  the  reported  temperatures  strain  curves  carried  out  at  4  temperatures; 

over  the  2-in.  ga.  section  throughout  each  the  lowest  curve  (292°K)  was  obtained  at 

test.  A  typical  test  set  up  is  shown  in  Fig  5.  room  temperature  whereas  the  highest 
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curve  (78°K)  was  obtained  at  liquid  rupted  when  a  change  was  made  from  one 

nitrogen  temperatures.  Duplicate  tests  temperature  to  another,  it  was  deemed 

reproduced  the  stress  to  within  about  advisable  to  check  the  effect  of  such  inter- 

+  50  psi.  The  point  N  refers  to  the  strain  ruptions  on  the  stress-strain  curve.  The 
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■Typical  Test  Set-up, 


at  which  necking  begins,  or  at  which  the 
maximum  load  was  obtained. 

Since  checking  the  mechanical  equation 
of  state  demanded  that  the  tests  be  inter¬ 


data  recorded  in  Fig  7  reveal  that  after 
unloading  and  reloading  at  a  strain  of 
about  0.15  no  discontinuity  in  the  stress- 
strain  curve  was  observable.  The  inter- 
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rupted  stress-strain  curve  of  Fig  7  agrees  state  were  valid  the  curves,  after  changing 

very  well  with  the  uninterrupted  test  the  temperature  to  yS^K,  should  have 

curve  for  yS^K.  The  effect  of  interrup-  followed  the  highest  broken  curve  which 

tions  at  room  temperature,  shown  in  Fig  8,  was  reproduced  from  the  data  of  Fig  6  for 


TRUE  STRAIN 

Fig  6 — Effect  of  test  temperature  on  true  stress-true  strain  curve  for  2S-O. 


is  also  negligible  proving  that  within  the 
range  of  temperatures  used  in  this  study 
there  is  no  significant  effect  of  interruptions 
on  the  stress-strain  curves. 

Fig  9  to  II  illustrate  the  effect  of  pre¬ 
straining  at  292,  260,  and  i94°K  on  the 
stress-strain  curves  at  78°K.  The  strain  at 
which  each  specimen  was  unloaded  and 
the  temperature  changed  is  indicated  by 
an  appropriate  symbol  at  approximately 
zero  stress.  If  the  mechanical  equation  of 


the  continuous  test  at  78°K.  The  difference 
'between  the  broken  curve  and  those  ob¬ 
tained  after  prestraining  at  higher  tem¬ 
peratures  increases  with  increasing  pre¬ 
strain.  A  regular  increase  in  the  total 
strain  to  necking  with  increasing  pre¬ 
strain  at  the  higher  temperature  is  also 
apparent. 

In  Fig  12  and  13  are  shown  the  effects 
of  prestraining  at  yS^K  on  the  stress- 
strain  curves  at  292  and  i94°K.  Here  again 
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the  mechanical  equation  of  state  is  found  in  the  test  series  because  it  was  suspected 
to  fail.  that  it  would  behave  anomolously  due  to 

Because  the  failure  of  the  mechanical  the  reported  formation  of  ferrite  during 

equation  of  state  for  2S-O  might  have  deformation.  These  suspicions  were  con- 


0  -05  .10  .15  20  25  .30 

TRUE  STRAIN 

Fig  7— Effect  of  unloading  specimen  during  test  on  true  stress-true  strain  curve  at 

78°K  for  2S-O. 


been  due  to  peculiarities  of  this  alloy,  tests 
were  also  conducted  on  pure  aluminum, 
copper,  brass  and  stainless  steel  (18-8) 
as  recorded  in  Fig  14  to  17  inclusively. 
These  data  strongly  suggest  that  the  fail¬ 
ure  of  the  mechanical  equation  of  state  is 
general  for  metals  that  crystallize  with 
the  face  centered  cubic  structure  and  that 
similar  failure  might  be  expected  for  all 
other  systems.  Stainless  steel  was  included 


firmed  by  the  data  shown  in  Fig  17  which 
exhibit  several  peculiarities  that  are 
worthy  of  additional  study. 

Discussion  of  Results 

The  data  presented  in  Fig  9  are  anal¬ 
ogous  to  those  shown  in  Fig  2a  and  there¬ 
fore  prove  that  the  mechanical  equation  of 
state  is  invalid  for  2S-O  alloy  between 
liquid  nitrogen  and  atmospheric  tempera- 
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ture.  The  deviations  from  the  dictates  of  discontinuous  plastic  flow  in  aluminum* 
the  mechanical  equation  in  the  extreme  reported  by  McReynolds^°  suggests  that 
case  amount  to  as  much  as  35  pet.  Reflec-  2S-O  alloy  might  be  susceptible  to  strain 
tion  concerning  the  possibilities  of  sec-  aging.  For  this  reason,  tests  were  run  at 


Fig  8 — Eitect  of  unloading  specimen  during  test  on  true  stress-true  strain  curve  at 

292°K  for  2S-O. 

ondary  factors  entering  the  analysis  to 
promote  the  failure  of  the  mechanical 
equation  of  state  suggested  that  more 
extensive  studies  were  required: 

1.  Recovery:  Obviously  the  mechanical 
equation  of  state  is  invalid  where  crystal 
recovery  is  possible.  Calvet^®  has  shown, 
however,  that  as  the  impurities  approach 
the  concentrations  in  commercially  pure 
aluminum,  recovery  at  atmospheric  tem¬ 
perature  becomes  excessively  slow.  Never¬ 
theless,  it  appeared  to  be  advisable  to 
conduct  tests  at  lower  temperatures  in 
order  to  reduce  further  possible  complicat¬ 
ing  effects  of  recovery.* 

2.  Strain  Aging:  The  yield  stress  and 


*Long  term  recovery  tests  on  2S-O  are 
now  in  progress. 


lower  temperatures  and  additional  tests 
were  made  on  high  purity  aluminum. 

3.  Mechanisms  of  Deformation:  A  failure 
of  the  mechanical  equation  of  state  might 
be  expected  for  ranges  of  temperature  over 
which  changes  in  mechanisms  of  slip  occur. 
Although  single  crystals  of  aluminum  are 
thought  to  exhibit  slip  only  on  the  {m} 
planes  in  [loi]  directions  over  the  ranges  of 
temperatures  which  were  studied, it  seemed 
that  additional  tests  over  lower,  narrower 
ranges  of  temperature  were  desirable. 

The  data  recorded  in  Fig  9,  10,  and  ii 
reveal  that  the  failure  of  the  mechanical 
equation  of  state  is  equally  valid  though 
less  pronounced  for  narrower  ranges  of 
temperature.  Furthermore,  the  test  results 

*  It  is  interesting  to  observe  that  these 
effects  were  found  to  diminish  with  decreasing 
temperatures  in  this  study. 
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for  the  high  purity  aluminum  alloy  given 
in  Fig  14  indicate  that  the  observations  are 
probably  not  attributable  to  strain  aging 
effects. 


Now  the  failure  of  the  mechanical 
equation  of  state  presents  a  fundamental 
problem  of  serious  import  to  all  analyses 
on  plastic  deformation  of  metals.  Whereas 


In  order  to  determine  whether  the 
failure  of  the  mechanical  equation  of  state 
is  unique  for  aluminum  the  series  of  tests 
recorded  in  Fig  15  to  17  was  conducted 
on  copper,  brass,  and  18-8  stainless  steel. 
The  data  obtained  on  all  of  these  materials 
confirmed  the  failure  of  the  mechanical 
equation  of  state.  This  evidence  appears  to 
suggest  that  the  assumption  of  a  mechan¬ 
ical  equation  of  state  will  have  to  be 
abandoned.  The  flow  stress  for  plastic 
deformation  of  metals  is  not  only  a  function 
of  the  instantaneous  values  of  strain,  strain 
rate  and  temperature,  but  also  depends, 
in  a  systematic  way,  on  the  previous 
thermal-mechanical  history  of  deformation. 


the  existence  of  the  function  a  ~  (r(e,  e,  T) 
would  have  permitted  the  work  hardened 
state  to  be  described  in  terms  of  the  strain, 
€,  independent  of  the  strain  rates  and 
temperatures  which  were  employed  to 
achieve  that  strain,  the  history  dependence 
of  plastic  flow  no  longer  permits  the  strain 
to  be  used  to  identify  the  work  hardened 
state.  For  example,  reference  to  Fig  9 
illustrates  that  for  a  strain  of  0.16  the 
flow  stress  at  liquid  nitrogen  temperature 
and  a  constant  strain  rate  of  e  =  0.001 1 
per  sec  may  be  19,300,  23,200,  25,800, 
27,800  or  28,800  psi  depending  upon  the 
previous  strain  history  at  atmospheric 
temperature.  A  strain  of  o.io  at  liquid 
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nitrogen  temperatures  causes  a  greater 
degree  of  strain  hardening  and  therefore 
more  pronounced  structural  changes*  than 
the  same  strain  would  produce  at  atmos- 


which  was  obtained  for  strain  at  e  =  0.056 
at  liquid  nitrogen  temperature.  Repeating 
this  analysis  for  the  other  pre-strains  sug¬ 
gests  that  the  strain  equivalence  is  that 


pheric  temperatures. f  The  new  parameter 
which  may  replace  the  strain  for  evaluating 
plastic  properties  of  metals  appeared  at 
first  to  be  some  history  modified  strain. 
The  simplest  possibility  is  that  the  history 
modified  strain  is  an  equivalent  strain; 
the  prospects  for  the  success  of  this  concept 
appeared  to  be  bright  when  first  reviewed. 

Consider  again  the  data  of  Fig  9.  After 
prestraining  e  =  0.151  at  atmospheric 
temperature  the  new  flow  stress  at  liquid 
nitrogen  temperature  is  equal  to  that 

*  Preliminary  tests  on  structural  changes 
‘have  been  initiated  which  reveal  that  greater 
fragmentation  occurs  when  straining  at  liquid 
nitrogen  temperature  than  is  obtained  by  the 
same  strain  at  room  temperature. 

t  A  similar  influence  of  strain  rate  at  con¬ 
stant  temperature  has  been  observed. 


shown  in  Fig  18  for  prestraining  at  292°K. 
If  this  thought  be  correct,  the  data" of  Fig  9 
should  not  have  been  plotted  in  terms  of 
the  actual  strains  at  atmospheric  tempera¬ 
ture  but  rather  in  terras  of  the  equivalent 
strains  at  liquid  nitrogen  temperature. 
Such  a  plot  is  shown  in  Fig  19.  Ordinarily 
such  agreement  as  is  obtained  between  the 
various  tests  recorded  in  Fig  19  would  be 
adequate  to  substantiate,  if  not  the 
validity,  at  least  the  practical  utility  of 
the  history  modified  equivalent  strain. 

Frequently  history  dependent  phe¬ 
nomena  have  the  perverse  habit  of  yielding 
different  results  upon  reversals  of  the  path. 
For  this  reason  the  series  of  tests  recorded 
in  Fig  12  and  13  were  obtained  by  pre- 
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straining  at  liquid  nitrogen  temperature 
and  then  concluding  the  test  at  a  higher 
temperature.  Here  again  the  data  demon¬ 
strate  that  the  flow  stress  is  dependent 
upon  the  past  thermal-mechanical  history. 

Equivalent  strains  for  prestraining  at 
liquid  nitrogen  temperature  and  con- 


curve  obtained  by  straining  exclusively 
at  78°K.  Therefore  no  true  equivalence 
of  work  hardened  states  exists  when  pure 
A1  is  strained  at  two  different  temperatures. 

The  data  contained  in  this  report  suggest 
reasons  for  some  previously  unexplained 
observations  such  as  the  effect  of  lowered 


tinuing  the  tests  at  atmospheric  tempera¬ 
ture  are  shown  in  the  upper  curve  of  Fig  i8. 
Although  the  equivalent  strains  obtained 
by  the  two  alternate  paths  agree  well  up 
to  strains  of  0.04,  they  begin  to  diverge 
for  larger  strains.  This  failure  to  agree 
over  the  entire  range  of  strains  proves  that 
the  concept  of  equivalent  strains  is  un¬ 
tenable.  The  data  of  Fig  14  also  present 
conclusive  evidence  against  the  concept 
of  equivalence  of  strain.  If  the  stress- 
strain  curve  at  78°K,  after  prestraining 
292°K,  is  shifted  to  the  left,  it  will  coincide 
at  only  one  point  with  the  stress-strain 


temperatures  of  cold  working  on  reducing 
the  recrystallization  temperature.  When 
it  is  realized  that  the  amount  of  work 
hardening  is  greater  for  the  same  strain 
at  a  lower  temperature,  the  effect  of  the 
temperature  of  cold  work  on  the  recrystal¬ 
lization  temperature  becomes  evident.  But, 
in  general,  the  data  reported  here  uncover 
more  problems  than  they  solve.  The  most 
important  concerns  finding  an  appropriate 
parameter  for  identifying  the  work  hard¬ 
ened  state.  The  present  evidence  proves 
that  no  simple  history  modified  strain 
parameter  exists. 
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The  reasons  for  the  history  sensitivity 
of  plastic  deformation  are  not  yet  clear. 
Perhaps  the  phenomenon  is  associated  with 
relaxations  that  can  occur  at  low  tempera¬ 
tures  during  plastic  deformation.  On  the 
basis  of  this  concept  less  relaxation  would 
be  activated  at  the  lower  temperatures 


TRUE  STRAIN 

Fig  12 — Effect  of  pre-straining  at  78°K  on  true  stress-true  strain  curve  at  292°K  for 

2S-O. 


a  simple  analysis  for  plastic  flow  of  metals 
based  on  Eyring’s  reaction  rate  theory. 
When  simplified,  Kauzmann’s  equation 
for  plastic  flow  becomes 

-AH* 

e  =  ATe^  [2] 


and  greater  amounts  of  work  hardening 
would  result  for  the  same  strains.  By 
the  same  token,  higher  strain  rates  would 
permit  fewer  relaxations  over  the  same 
strain  and  likewise  give  higher  amounts  of 
work  hardening. 

Several  years  ago  Kauzmann®  presented 


Where 

€  =  strain  rate 
(T  —  applied  stress 
T  =  absolute  temperature 
R  =  gas  constant 
AH*  =  activation  energy 
v4,J5  =  parameters 
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TRUE  STRAIN 


Fig  13 — ^Effect  of  pre-straining  at  78°K  on  true  stress-true  strain  curve  at  i94°K.  for 

2S-O. 


In  Kauzmann’s  forrriulation 


2\k 

=  eK 

sLh 


[3] 

[4] . 


Where 

k  =  Boltzman’s  constant 
h  =  Plank’s  constant 
AS*  =  entropy  of  activation 
a  =  area  of  flow  unit 
I  =  distance  the  flow  unit  must  be  dis¬ 
placed  for  activation 


X  =  total  shear  displacement  of  a  flow’ 
unit  per  activation 

L  =  normal  distance  between  flow  units 
q  =  stress  concentration  factor 
Although  existing  knowledge  on  the 
detailed  mechanics  of  plastic  flow  in  metals 
is  not  yet  adequate  to  either  test  or  ques¬ 
tion  the  validity  of  Eq  3  and  4,  numerous 
data  agree  fairly  well  with  the  relationships 
suggested  by  Eq  2  over  restricted  ranges 
of  temperature  and  strain  rates. 

Eq  2  was  proposed  principally  for 
analyses  of  secondary  creep  rates.  Under 
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these  conditions,  the  rate  of  strain  harden¬ 
ing  is  believed  to  be  equal  to  the  rate  of 
softening  by  recovery.  Kauzmann,  in 
effect,  assumed  that  A  and  AH*  would 
have  the  same  values  for  all  conditions 
of  strain  and  temperature  where  secondary 
creep  rates  were  obtained.  The  analysis, 
however,  should  be  applicable  to  various 
work  hardened  states  if  A,  AH*  and  per¬ 
haps  B  are  taken  to  be  functions  of  strain 
hardening. 

The  data  reported  here,  h'owever,  un¬ 
cover  a  fundamental  difficulty  in  applying 
Kauzmann’s  analysis  in  the  strain  harden¬ 
ing  range  of  plastic  deformation.  The 
parameters  A,  B  and  AH*  are  functions 
of  the  work  hardened  state,  and  therefore 


could  have  been  evaluated  as  functions  of 
strain  if  the  work  hardened  state  were  a 
unique  single  valued  function  of  the  strain. 
But  the  work  hardened  state  depends  upon 
the  past  thermal-mechanical  history,  and 
therefore,  it  is  not  possible  at  present  to 
determine  A,  B  or  AH*  as  functions  of  the 
strain. 

It  should  be  emphasized  that,  whereas 
the  experimental  results  reported  here 
disprove  the  validity  of  all  mechanical 
equations,  of  state  where  the  flow  stress  is 
assumed  to  be  a  function  of  the  strain, 
strain-rate  and  temperature,  they  do  not 
disqualify  Kauzmann’s  formulation.  This 
is  so  because  Kauzmann’s  analysis  does 
not  contain  the  strain  as  an  explicit  vari- 
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able.  Rather  it  contains  the  parameters 
A,  B  and  Aff*  which  now  should  not  be 
related  to  the  strain  but  rather  to  equiva¬ 
lent  v/ork  hardened  states.  The  major 


that  major  effort  be  bent  toward  finding 
a  history  modified  equivalent  strain,  the 
prognosis  for  success  in  this  direction 
appears  to  be  negative.  If  upon  cold  work- 


Fig  15 — Effect  of  pre-straining  at  292°K  on  true  stress-true  strain  curve  at  78°K  for 

COPPER. 


question  then  concerns  the  problem  of  the  ing  only  one  internal  structural  feature 

existence  and  possible  methods  of  identify-  of  the  metal  is  modified,  then  equivalent 

ing  (or  parameterizing)  equivalent  work  work  hardened  states  must  exist.  But  if,  ^ 

hardened  states.  Until  this  can  be  done  it  g^g  appears  more  likely,  work  hardening  is 

will  be  impossible  to  correlate  intelligently  production  of  two  or  more  struc- 

stress-strain  data  at  different  strain  rates  ^  ,  *  1  ^  1  v  j  j  ‘ 

^  tural  changes,  equivalent  work  hardened 

or  at  different  temperatures. 

Although  the  simplicity  of  analysis  that 
would  be  achieved  if  equivalent  work  here)  are  unlikely. 

hardened  states  can  be  identified  suggests  Consider  that  work  hardening  results 
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from  a  certain  disturbance*  of  the  lattice,  distribution  of  slip  bands  suggests  that  the 
At  least  two  factors  determine  the  instan-  concept  of  equivalent  work  hardened  states 
taneous  work  hardened  state,  namely,  the  might  fail. 

number  and  the  distribution  of  the  dis-  In  an  attempt  to  formulate  a  more  sound 


TRUE  STRAIN 

Fig  16 — -ErPECT  of  pre-straining  at  2g2°K  on  true  stress-true  strain  curve  at  78°K  for 

65-35  brass. 

turbances.  The  same  instantaneous  flow  approach  to  a  theory  for  creep  of  metals, 

stress,  however,  may  then  be  obtained  a  work  hardened  specimen  of  2S-O  was 

for  several  different  sets  of  concentrations  partially  recovered  at  400°F  and  its 

and  distributions  of  disturbances.  But  the  stress-strain  curve  was  then  determined 

rate  of  strain  hardening  upon  additional  and  compared  with  the  stress-strain  curve 

working  at  a  fixed  temperature  and  strain  of  a  virgin  specimen.*  Upon  applying  the 

rate  may  differ  for  each  set  of  concen-  method  of  coincidence,  by  shifting  one 

trations  and  distribution  of  work  hardening  stress-strain  curve  over  the  other,  it  was 

disturbances  because  the  superposition  of  found  that  the  two  curves  agreed  at  only 

additional  disturbances  will  not  necessarily  one  point  and  differed  at  all  others.  It 

again  yield  new  equivalent  sets  of  work  is  therefore  apparent  that  the  work 

hardened  states.  The  previously  mentioned  hardened  state,  after  partial  recovery, 

effect  of  temperature  of  strain  rate  on  the  is  not  equivalent  to  any  work  hardened 

-  state  obtained  by  straining  a  virgin  speci- 

*  The  argument  here  is  perfectly  general 
and  the  reader  may  substitute  dislocations, 

distortions  or  any  other  type  of  imperfection  *  J.  E.  Dorn  and  T.  V.  Cherian:  unpub- 
be  believes  promotes  work  hardening.  lished  research  still  in  progress. 
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Fig  17 — -Effect  of  pre-straining  at  2g2°K  on  true  stress-true  strain  curve  at  78°K  for 

18-8  stainless  steel  (type  302). 


> 


Fig  18 — Equivalent  strains  at  liquid  nitrogen  and  atmospheric  temperatures. 
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men.  From  these  studies  it  is  known  that  compared  it  is  evident  that  true  equiva- 
the  work  hardened  state  depends  upon  at  lence  is  not  obtained, 
least  two  microstructural  changes  that  •  Before  substantial  strides  are  possible 
attend  deformation.  from  the  phenomenological  approach  to 


EQUtVALENT  TRUE  STRAIN  AT  ?8*K 

Fig  19 — True  stress-true  strain  data  plotted  in  terms  op  equivalent  true  strain  at  78°K. 


Although  this  observation  shows  that 
in  general  work  hardened  states  cannot  be 
identified  by  equivalent  strains,  it  is  yet 
possible  that,  in  the  absence  of  recovery, 
equivalent  work  hardened  states  might  be 
found.  The  data  given  in  Fig  19,  when 
taken  alone,  appear  to  uphold  this  thought, 
but  when  the  two  curves  of  Fig  18  are 


plasticity  of  metal,  a  clearer  picture  of  the 
structural  changes  accompanying  work 
hardening,  recovery  and  relaxation  will  be 
needed. 

Conclusions 

i.  The  flow  stress  for  plastic  deforma¬ 
tion  of  metals  is  not  a  simple  function  of 
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the  instantaneous  values  of  the  strain, 
strain  rate  and  temperature;  it  is  sensitive 
to  the  entire  thermal-mechanical  history. 

2.  At  lower  test  -  temperatures  higher 
work  hardened  states  are  obtained  for  the 
same  total  strains;  this  factor  is  probably 
responsible  for  the  well  known  lowering 
of  the  recrystallization  temperature  as  the 
metal  is  cold  worked  at  lower  temperatures. 

3.  Simple  history-modified  strains  did 
not  yield  equivalent  work  hardened  states. 

4.  The  failure  of  the  mechanical  equa¬ 
tion  of  state  is  perhaps  partly  due  to 
relaxation  phenomena  of  low  activation 
energy  which  can  proceed  at  low  tem¬ 
peratures  and  high  strain  rates. 

5.  Future  progress  in  determining  the 
plastic  properties  of  metals  will  be  largely 
dependent  upon  better  understandings  of 
the  structural  changes  accompanying  cold 
work  and  their  effect  on  the  flow  stress. 
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